ABSTRACT: Genomics and proteomics of microorganisms are revolutionizing our understanding of marine microbial ecology. In this essay we address this by discussing (1) what microbial genome resources are available for marine ecologists, (2) how single-organism genomics and proteomics have revealed new microbial functions in the marine ecosystem, and (3) how the integration of metagenomics, metaproteomics and biogeochemical studies will further advance the field of marine microbial ecology. Comprehensive knowledge of the genetic blueprints, the functions and the interactions of microbial communities will provide insight into the evolution of marine ecosystems and enable rational predictions of how microbial processes will affect, and be affected by, environmental changes.
INTRODUCTION
Marine microbial ecology has advanced over the last decade through a progression of approaches that has included taxonomic and physiological studies of culturable isolates, molecular community analysis (e.g. rRNA), analyses of complete genome sequences of individual isolates and, most recently, metagenomic analyses of entire microbial communities. Concomitant with technological advances of the genomic era has been an exponential increase in the extent of data pertaining to marine microorganisms. This has provided on the one hand an enormous capacity to learn, while on the other a daunting overload of information. It is clear that irrespective of the quantity, information lacks real value unless the intelligent means are available to process it effectively. This essay reflects on how genomics and proteomics may empower marine ecological studies. It considers strengths and difficulties of marine genomics and proteomics, and discusses the need to integrate these data with the full gamut of all available data (e.g. physical, geochemical) that describe the marine system. It is apparent that getting the most out of the genome stockpile will require healthy and informed interplay among scientists in many disciplines.
MICROBIAL GENOME RESOURCES FOR MARINE ECOLOGISTS
In the last 10 years, microbial genomics has experienced one of the most dramatic developments and advances of any scientific field. Microbiologists are now facing a genomic 'data flood' with more than 300 finished, bacterial or archaeal genome sequences available and over 900 more in progress (Liolios et al. 2006) . Improved sequencing technologies and strategies (Margulies et al. 2005 , Goldberg et al. 2006 ) will continue to support this trend. In the near future, genome sequencing of new microorganisms will become a standard tool for microbial characterisation, analogous to the use of Gram staining in the past. Large-scale sequencing programs, such as the Microbial Genome Sequencing Project of the Betty and Gordon Moore Foundation, are already involved in the sequencing of numerous (>100) marine microbial species (www.moore.org/microgenome). Several of these organisms have been isolated in global diversity studies, and genome sequencing will now fasttrack the understanding of their biology.
There would be few scientists who would argue against the immense value of the growing number of marine microbial genome sequences, and most microbiologists engaged in laboratory-based physiological or evolutionary studies will have effectively integrated available genome-based knowledge into their research. However, the integration of microbial genomics into marine ecology has not been as rapidly or as widely adopted. This may be due in part to the traditional background training of marine ecologists, which has focused less on the properties of individual organisms and more on the broader properties of the ecosystem, and to the lack of ecological data linked to genome sequence data of marine microorganisms (see last paragraph of this section). Some of this can be remedied immediately by simply tapping into available web-based resources (e.g. becoming familiar with what type of information is available and beginning to find out fundamental information about target organisms). Comprehensive databases and user-friendly, web-based interfaces have made genomic information increasingly accessible, without the need for specialized bioinformatics training or knowledge. The Integrated Microbial Genome (IMG) database of the Joint Genome Institute (JGI) and the Comprehensive Microbial Resource (CMR) of The Institute of Genomic Research (TIGR) are just 2 examples of the excellent tools available that allow the user to view, browse, analyse and compare microbial genome information. Specialized interest groups also provide databases dedicated to particular microbial groups, such as the Roseobase (http://roseobase.org/), which deals with genomic information of the abundant, marine Roseobacter clade. Table 1 lists some databases and web-based tools relevant to marine microbial genomics.
There are a number of issues in genomics that broadly affect the genomics community and that haven't been resolved, and there are additional aspects that need to be addressed in order to effectively facilitate ecological studies. Maintaining data quality is a broadly important issue with genome sequence data. The sheer volume of DNA sequence data in combination with limited human resources has made it extremely difficult to carefully and manually revise and curate the data. This has resulted in genome sequences being wrongly assembled from raw data (Salzberg & Yorke 2005) and automated gene prediction or annotation processes being inaccurate (Nielsen & Krogh 2005) . Database users should therefore be cautious with predicted genome properties (particularly from auto-annotation pipelines) and be aware of the need to critically review the evidence for assigned gene function. For example, if a gene has been annotated based on experimental evidence or high similarity to a gene that has been experimentally characterised, the functional prediction is likely to be sound. (Ando et al. 1999) , have been annotated as cellulase genes. Owing to an initial misannotation in 1 genome, subsequent archaeal genes with high levels of similarity were consequently misannotated. As there is presently no easy solution to this widespread problem, it argues strongly for individuals to carefully examine important gene targets of interest and to enhance the level of functional analysis of genes in order to experimentally determine their functions.
Genome databases have mainly been designed to enhance understanding of the biology and evolution of individual organisms, and there is clearly a need to include information that is relevant to ecological research (Lombardot et al. 2006) . Database fields that are lacking include information describing the physical habitat from where an organism has been isolated or is typically present (e.g. temperate or tropical waters, planktonic or surface-associated), additional biological information about the environment (e.g. competitors, viruses, predators), information about seasonal and spatial abundance of organisms in the community, and a summary of relevant oceanography and physico-chemical properties (e.g. O 2 , minerals, salinity, dissolved/particulate organic carbon). This would allow macrobiotic or abiotic parameters to be linked with molecular or genomic properties, and hence provide a straightforward bridge between ecology and genomics. Engaging ecologists with database designers/curators would help to create more ecologically useful databases.
MARINE ECOLOGY IS ALREADY BENEFITING FROM MICROBIAL GENOMICS AND PROTEOMICS

Genome sequences
In an analagous manner to the analysis of the human genome to predict specific drug targets and candidates for gene therapy, genome sequencing of ecologically relevant microorganisms and microbial communities (metagenomics) can provide new insight or generate testable hypotheses about ecosystem function (see 'The way forward with marine microbial ecology is through an integrated 'meta' approach'). A striking example is the discovery of the light-dependent proton pump, bacterial proteorhodopsin, which was first discovered from the sequences of cloned environmental DNA (eDNA), and is thought to play a major role in the generation of energy for microbial metabolism in the oceans (Beja et al. 2000 (Beja et al. , 2001 . Prior to this discovery, light-driven processes were mainly linked to processes such as primary production by photosynthetic cyanobacteria. Another good example is the prediction of archaeal-driven nitrification processes derived from the analysis of metagenomic data (Schleper et al. 2005 , Hallam et al. 2006 , and the verification of this ability through the isolation of a chemolithoautotrophic ammonia-oxidizing member of the Crenarchaeota (Konneke et al. 2005) .
The sequencing of genomes of single microbial species is also clearly of value for deriving inferences about ecology of marine bacteria. For example, genomic studies of ubiquitous planktonic bacteria (the SAR11 isolate Pelagibacter ubique, and a member of the Roseobacter clade Silicibacter pomeroyi) have greatly enhanced our understanding of how some microorganisms have adapted and evolved to become numerically abundant within the marine environment (Moran et al. 2004 , Giovannoni et al. 2005 . P. ubique has the smallest known genome (1.3 Mb) of any freeliving microorganism, and points to an evolutionary adaptive strategy involving genome streamlining; i.e. optimizing growth efficiency by minimizing the genomic and cellular complement that needs to be reproduced in order for the species to survive and remain evolutionarily competitive (Giovannoni et al. 2005) . Despite the relatively small size of the genome, P. ubique still possesses the capacity to synthesise all 20 amino acids and all core functions required for a free-living bacterium. The small genome size appears to have been selected through a process leading to the minimization of non-functional DNA, extra-chromosomally derived genetic elements (e.g. phage, integrons or transposons), and duplicated genes. Comparative studies with genome sequences of species from the same ecosystem indicate that adaptation to oligotrophy in this organism involves a low level of gene regulation and an investment in genes devoted to energy metabolism and high-affinity nutrient uptake.
Silicibacter pomeroyi is a dominant member of the coastal bacterioplankton (Moran et al. 2004 ). Based on genome sequence analysis, it appears that S. pomeroyi takes an opportunistic strategy towards nutrient acquisition. Genes for cell-density-dependent regulation, rapid growth and uptake systems for algal-derived compounds are present, suggesting that the organism is capable of associating with nutrient-rich hot-spots such as algal plankton and other suspended particles. Furthermore, the presence of gene clusters encoding enzymes for the oxidation of reduced inorganic compounds (e.g. carbon monoxide and sulphide) suggests that S. pomeroyi is a lithoheterotroph that gains energy from inorganic compounds and uses organic carbon compounds that are at low abundance for generating bacterial biomass. Arising from this genome sequence analysis, a range of experimental studies can be designed and performed to assess the proposed metabolic capabilities and ecological function of S. pomeroyi. In view of the apparent wide-spread capacity for lithoheterotrophy that has been deduced from the analysis of metagenome data (e.g. the Sargasso Sea library; Venter et al. 2004 ) and the potential impact of this on global nutrient cycling in the oceans (Moran et al. 2004) , performing functional studies to better understand this process is of considerable importance (see 'Functional genomics' below).
As great advances in marine ecology can come from the analysis of genome sequence data of individuals and communities of marine microorganisms, a strong argument can be made for a greater emphasis to be placed on the training of scientists with the necessary expertise in genomics, in order to more fully exploit the potential of genomic data for marine ecology research. In particular, there is an important need to develop synergies between bioinformaticians and ecologists/ biologists, in order to translate the raw stock piles of genome sequence data into valuable science.
Functional genomics
Global functional studies, such as proteomics and transcriptomics, have the potential to most rapidly advance our understanding of functional cellular processes, and hence likely ecological processes. Studies relating to how an organism (or community) responds to environmental change provide insight into core physiological properties and adaptive strategies. Technological advances in the functional 'omics' have developed in concert with genome sequencing technology, particularly owing to the need for highthroughput procedures to keep pace with the growth in genome sequence data. Metagenomic data is relatively new (see 'The way forward with marine microbial ecology is through an integrated 'meta' approach') and, as a result, functional 'omic' studies of marine microorganisms have almost exclusively been linked to genome sequences of individual organisms.
Mass spectrometry (MS)-based proteomics provides a powerful means of determining proteins expressed under 1 growth condition (proteome snap-shot), or by comparing at least 2 growth conditions (differential expression). Proteomic coverage can be maximized by reducing the complexity of samples through the use of fractionation regimes (e.g. to identify less-abundant proteins) and the sampling of sub-proteomes (e.g. intracellular, membrane, secreted). This type of approach was used to analyse the proteome of the marine bacterium Alcanivorax borkumensis in order to determine the metabolic functions involved in petroleum degradation (Sabirova et al. 2006 ). Whole-cell, soluble fractions are typically used for proteomic analysis. However, it is important to pay attention to other fractions. Secreted proteins may play important roles in antimicrobial activity and cell-cell signalling (Milton 2006) . Membrane sub-fractions are technically challenging to analyse but are likely to provide important insight into the mechanisms of how cells sense and respond to their environment. Although 2-dimensional gel electrophoresis (2DE)-based methods are useful (e.g. for fractionation, visualizing post-translational modifications), recent developments in more rapid 'shotgun' approaches using liquid chromatography mass spectrometry (LC-MS) have proven particularly valuable for analysing less-soluble sub-proteomes (e.g. hydrophobic proteins) by providing rapid, highthroughput and broad coverage of these proteins (Wu & Yates 2003 , Martosella et al. 2006 .
It is not only important to successfully identify proteins, but to accurately quantify protein levels in order to determine the abundance of individual proteins relative to other proteins in the cell (i.e. differential expression). There are 3 major MS-based approaches for quantifying protein levels: 2DE-MS, intensitybased quantification, and stable isotope labeling. Stable isotope labeling is the most comprehensive approach for globally measuring protein abundances and can be performed by in vitro (e.g. isotope coded affinity tag: ICAT) and in vivo (e.g. metabolic labeling) approaches (Gygi et al. 1999 , Krijgsveld et al. 2003 , Zhong et al. 2004 .
The method developments and refinements of approaches in the field of proteomics (Wilkins et al. 2006) should help to make this technology accessible and immensely useful to the microbial marine biology/ecology field. Reflective of the way in which proteomic methodology has developed, studies of marine microorganisms have primarily involved 2DE-MS approaches (Goodchild et al. 2004a , Gade et al. 2005 , Kan et al. 2005 , Kim et al. 2005 , Sabirova et al. 2006 ). However, 2DE-MS, LC-MS and ICAT have been applied to Methanococcoides burtonii (Goodchild et al. 2004a (Goodchild et al. ,b, 2005 , and metabolic labeling combined with DNA microarrays with Methanococcus maripaludis (Xia et al. 2006) . The ability to successfully apply these methods to fastidious, strict anaerobes highlights the potential ease of application of these types of methods to many microorganisms.
Studies of the marine, surface associated bacterium Pseudoalteromonas tunicata provides a good example of how genomics and functional genomics can be used to generate new hypotheses about marine ecology. The genome sequence not only provided detailed knowledge of the ability of P. tunicata to associate with eucaryal hosts and synthesise novel bioactive metabo-lites, but enabled comparative proteomic and transcriptomic studies between a wildtype and a mutant (Stelzer et al. 2006) . These studies showed that the mutant, which no longer produced bioactives, exhibited an unexpected overexpression of genes involved in iron scavenging and sensing (Stelzer et al. 2006) . As a result of these findings, awareness was created about the likely ecological relevance of iron, and this has prompted a series of experimental programs that target the role of iron in bacterial-host interactions in the marine environment.
THE WAY FORWARD WITH MARINE MICROBIAL ECOLOGY IS THROUGH AN INTEGRATED 'META' APPROACH
Tools for characterising the diversity of marine microorganisms have progressed through 3 phases. Initially, marine microbial populations were characterised by isolation and culturing of strains. However, it is now well-accepted that cultivation introduces large qualitative and quantitative biases into ecological studies (Suzuki et al. 1997 , Eilers et al. 2000 and only canvases a very small proportion of the total marine diversity (Rappe & Giovannoni 2003) . This is primarily a result of the fact that most microorganisms are unable to be cultured using current methods, highlighting the need for access to culture-independent technologies. A second phase arose through molecular ecology studies, which allowed non-culturable bacteria and Archaea to be characterised via molecular fingerprinting, specific molecular probes and sequencing of selected genes (e.g. 16S rDNA and selected functional genes). These PCR-based methods suffer from biased amplification of target sequences and often fail to correctly reflect community composition (Suzuki et al. 1997 , Marchesi et al. 1998 , von Wintzingerode et al. 1999 , Schmalenberger et al. 2001 . A third approach, 'metagenomics' (also termed 'environmental genomics', 'ecogenomics' or 'community genomics') has recently emerged, which involves the extraction of DNA from all microorganisms (or size-fractioned components of all microorganisms) from the environment (Handelsmann 2004, Riesenfeld et al. 2004 ). The eDNA is either cloned as small or large fragments into Escherichia coli plasmids and sequenced by the method of Sanger (1977) (e.g. using an ABI 3730 sequencer) (Tyson et al. 2004 , Venter et al. 2004 ), or sequenced directly by high-throughput pyrosequencing (e.g. using a GS20/454 sequencer) (Margulies et al. 2005 , Edwards et al. 2006 ). The eDNA plasmid libraries represent the genomes of the environmental population of microorganisms irrespective of whether the microorganisms are culturable, and can also be used for functional or phylogenetic screening (Handelsmann 2004 , Riesenfeld et al. 2004 .
The extent of DNA sequencing that is required for the successful reconstruction of genome sequences of microbial communities is directly proportional to the complexity of the environment. Preliminary molecular ecology studies can provide a useful indication of species richness and therefore an estimation of the number of sequencing reactions required. Metagenomic studies of less complex communities are not only less expensive (per sample site) and more easily analysed (e.g. reconstruction of genome sequences of individual species), but are more amenable to metafunctional studies. The metagenome (Tyson et al. 2004 ) and metaproteome (Ram et al. 2005 ) study of a biofilm from the acid mine drainage of Iron Mountain is a powerful illustration of what can be achieved in microbial ecology when using a meta-approach. From less than 100 Mb of sequence data, genome sequences for the dominant bacterium (Leptospirillum Group II) and archaeon (Ferroplasma Type II) and partial genome sequences of several others were obtained. Reconstruction of metabolic pathways led to inferences about nitrogen fixation, which subsequently enabled a successful cultivation strategy to be derived for Leptospirillum ferrodiazotrophum, a previously uncultured organism .
Metaproteome analysis of the biofilms from the Iron Mountain site led to up to 48% of the predicted proteins being identified from an individual member of the biofilm, a percentage that exceeds the number of proteins typically detected from proteomic studies of microbial isolates. For example, in proteomic studies of Archaea, proteome coverage has been reported as approximately 50% for Methanocaldococcus jannaschii, 25% for Methanococcoides burtonii, 10% for Methanosarcina acetivorans and 34% for Halobacterium salinarum (Cavicchioli et al. 2006) . In proteomic studies of isolates, monocultures are typically grown in nutrient excess under controlled conditions of growth phase and abiotic influence (e.g. temperature, pH). It is likely that the acid mine biofilm contained cells exhibiting a broad range of phenotypes in response to varying levels of nutrient limitation, interactions with other microorganisms, growth state (e.g. actively growing, dead, planktonic, sessile) and other natural, undefined environmental effectors.
Technological advancement in genome sequencing and proteomics shows no sign of plateauing. Therefore, these meta-approaches will become increasingly feasible for application to more complex environmental samples. Moreover, genomic/proteomic and metagenomic/metaproteomic programs can be run in parallel to more effectively annotate genome sequences and obtain a direct measure of functional gene expression in terms of the presence, relative abundance and modification states of proteins. The potential of, and challenges for, meta-based studies of microbial communities have been evaluated (Banfield et al. 2005 , Foerstner et al. 2006 , Ward 2006 , Wilmes & Bond 2006 , and methods for the preparation of DNA and proteins from soil/sediment or water from environmental samples have been reported (Tsai & Olsen 1991 , Purdy et al. 1996 , Miller et al. 1999 , Schulze 2004 , Daniel 2005 , Kan et al. 2005 , Schulze et al. 2005 , Tringe & Rubin 2005 .
Isolating representative DNA from communities in soil/sediment is probably one of the most challenging of all natural environmental samples, owing to the complexity and the diversity of microbial populations (≥2 × 10 4 bacterial or archaeal species per gram of soil; Daniel 2005), and the fact that microbial cells and free DNA from dead cells adhere to the soil/sediment matrix. DNA can be extracted directly (cells are lysed within sample material) or indirectly (cells are first separated from the environmental sample) (Miller et al. 1999 , Daniel 2005 , and similar approaches have been adopted for extracting proteins (e.g. Schulze et al. 2005) . Marine water samples are easier to manipulate than sediment and tend to have lower complexity. Microbial biomass can be collected by sizefractionated filtration on membrane filters and tangential flow centrifugation, and methods have been developed for subsequent protein extraction and analysis (Schulze 2004 , Venter et al. 2004 , Kan et al. 2005 .
In addition to the use of a meta-approach for obtaining information about microorganisms that are difficult to study (e.g. non-culturable) (Rodriguez-Valera 2004 , Tringe & Rubin 2005 , proteogenomic studies of individual isolates can also form the basis for rationalizing the need for meta-studies. Sphingopyxis alaskensis was isolated as a numerically abundant microorganism from Resurrection Bay in Alaska and oligotrophic waters near Japan, and has served as a model ultramicrobacterium (Cavicchioli et al. 2003) . A broad range of laboratory studies including proteomics (e.g. Ostrowski et al. 2004 ) have defined physiological characteristics that distinguish it from typical copiotrophic bacteria, such as Photobacterium angustum S14 (Cavicchioli et al. 2003) . Despite being isolated by extinction dilution methods and representing a numerically abundant organism at the time of sampling, S. alaskensis has not been reported to be as widely distributed as SAR11, which is apparently one of the most cosmopolitan microorganisms in oligotrophic oceanic waters. Metagenomics of distinct oceanic sites along the path of the Sorcerer II expedition (Venter et al. 2004) have revealed an astounding level of total microbial genetic diversity. To date, metagenome studies have not included North Pacific waters where S. alaskensis was isolated. It has been proposed that S. alaskensis may circulate between locations that are 10 000 km apart by ocean currents in the North Pacific (Eguchi et al. 2001) , and it will be valuable to assess the genomic variation that exists between populations of S. alaskensis from the geographically distinct regions of the North Pacific from where it was previously isolated. Moreover, when the analysis of S. alaskensis genome sequence is complete, similarities and differences with SAR11 will be able to be documented. It is already clear that S. alaskensis has a significantly larger genome (~3.2 Mb) than SAR11 (1.3 Mb). It has previously been argued that multiple strategies may have evolved to enable microorganisms to compete effectively in oligotrophic waters (Cavicchioli et al. 2003 ). It will be valuable to assess the metaproteome of both S. alaskensis and SAR11 in their native environments to determine which component of their genetic complement is expressed, and to infer how this may affect their individual adaptation strategies.
The value of individual microorganisms guiding metagenome studies is also well illustrated by studies of psychrophilic Archaea. Cold-adapted Archaea perform diverse functional roles in a wide range of cold environments, and the extent to which they transform the cold biosphere can be appreciated from their phylogenetic and functional diversity, abundance and range of cold biotopes they inhabit (Cavicchioli 2006) . They represent an important fraction of cold marine environments and have been detected in deep ocean waters and sediment, sea ice and marine-derived Antarctic lakes. Methanococcoides burtonii was isolated from a marine-derived lake (Ace Lake) in Antarctica, and through studies of cold adaptation that addressed protein structure, intracellular solutes, membrane lipids, tRNA modification, gene regulation, comparative genomics and proteomics, it has developed into the model psychrophilic archaeon (Cavicchioli 2006) . In addition to M. burtonii, Methanogenium frigidum (Ace Lake) and Halorubrum lacusprofundi (Deep Lake) were isolated from Antarctica. The studies of these individual isolates from Antarctic lakes have generated a broad range of questions that can be addressed most successfully by performing metagenomic and associated functional studies. The types of questions include: are genes that are preferentially expressed at 4°C under laboratory growth conditions (and therefore thought to be involved in cold adaptation) expressed in the environment (Goodchild et al. 2004a ? Are genes that have been linked to genome plasticity (e.g. transposons) (Goodchild et al. 2004b ) expressed in the environment, and how does this affect the overall microheterogeneity of species such as M. burtonii, M. frigidum and H. lacusprofundi ? Which hypothetical proteins are synthesized and therefore important for growth of the organism in the environment ?
By coupling metagenomic analysis with a range of other experiments performed at the time of sampling, including isolations, physical and chemical measurements and labeling experiments, and integrating this with established physical and geochemical data of the lakes, a comprehensive understanding of the microbial system can be defined. The metagenomics will particularly facilitate the ability to define community structure, individuals within the communities and their associated biological processes. Key biological properties that underpin the biogeochemical process will also be able to be derived from the genomic properties of key microbial groups (e.g. methanogens and methylotrophs), as will an understanding of how key chemical cycles (e.g. methane) are microbially driven, and of what biological properties define life at abiotic limits (e.g. cold, hypersalinity, oligotrophy). While these examples pertain to specific Antarctic lakes and the archaeal isolates, the principles of the approaches are applicable to other environments and individual isolates from those environments. This clearly illustrates how studies of cultivated organisms can be greatly facilitated by subsequent metagenomic studies, in addition to the obvious advantages metagenomics offers to studies of uncultivated species in their respective environments.
PERSPECTIVE
Metagenomic studies have identified the high level of microheterogeneity that can exist within populations. One of the first studies of this type documented the existence of 2 major variants of Cenarchaeum symbiosum that coexist in a marine sponge (Schleper et al. 1998) . However, it is not clear what biological and abiotic factors control the extent and tempo of genomic heterogeneity. Metagenomics of samples from the Sargasso Sea highlighted the microheterogeneity within marine Prochlorococcus marinus populations (Venter et al. 2004) , even though it is not clear over what time period this has occurred. Biofilms can exhibit large changes in genetic composition over their life-time (e.g. within a few days) (Webb et al. 2004 , MaiProchnow et al. 2006 ), and may be major ecological drivers of genetic diversity in 'real-time', and hence model systems for studying genome evolution. In fact, natural biofilm populations have been shown to not contain discrete genome sequences for a particular species, but rather to possess a highly diverse, mosaic genomic complement (Tyson et al. 2004 , Allen & Banfield 2005 . In contrast to this dynamic system, microheterogenous communities that double at very slow rates (e.g. deep subsurface) may be considered repositories of genetic codes, rather than as genomic solutions that have evolved subject to the influences of modern-day pertubations.
Phylogenetic analysis of 16S rRNA genes was largely responsible for the revolution in evolutionary biology that led to the definition of the 3 domains of life (Woese et al. 1990) , and to the great expansion of the diversity of known species. Genome sequencing of individual microorganisms corroborated the concept of the 3 domains of life, and uncovered the extent to which genetic diversity exists within apparently coherent species (e.g. E. coli). Metagenomics is revealing the extent to which genetic diversity exists within natural communities, and is challenging the concept of a microbial species. By understanding the extent, tempo and mode of genome evolution it will be possible to gain a practical understanding of microbial community evolution and infer the effects of human impact on the microbial gene pool, and greatly enrich our understanding of how life has evolved along its 3.8 billion yr old trajectory. 
